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Helper component-protease (HC-Pro) is a plant viral suppressor of RNA silencing, and transgenic tobacco expressing HC-Pro has
increased susceptibility to a broad range of viral pathogens. Here we report that these plants also exhibit enhanced resistance to unrelated
heterologous pathogens. Tobacco mosaic virus (TMV) infection of HC-Pro-expressing plants carrying the N resistance gene results in fewer
and smaller lesions compared to controls without HC-Pro. The resistance to TMV is compromised but not eliminated by expression of nahG,
which prevents accumulation of salicylic acid (SA), an important defense signaling molecule. HC-Pro-expressing plants are also more
resistant to tomato black ring nepovirus (TBRV) and to the oomycete Peronospora tabacina. Enhanced TBRV resistance is SA-independent,
whereas the response to P. tabacina is associated with early induction of markers characteristic of SA-dependent defense. Thus, a plant viral
suppressor of RNA silencing enhances resistance to multiple pathogens via both SA-dependent and SA-independent mechanisms.
D 2004 Elsevier Inc. All rights reserved.Keywords: RNA silencing; Antiviral defense; HC-Pro suppressor protein; Virus–plant interaction; Systemic acquired resistance; Hypersensitive response;
TMV; Nepovirus; Blue mold diseaseIntroduction
Virus infection of plants produces a varied array of
symptoms and disease outcomes. In addition to the distinc-
tive markings such as mosaic and ringspot that frequently
give viruses their names, virus infection can also produce
profound changes in plant growth and development. These
changes are evident in symptoms ranging from stunting,
altered leaf and flower morphology, and reduced seed or
fruit production to death of the plant (Hull, 2002). Adding a
further layer of complexity, the course of plant viral infec-
tion is modulated by many different factors, including age of
the plant, resistance genes, environment, and the simulta-
neous or prior infection with other viruses. Understanding0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.11.027
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the major current challenges in the study of plant viruses.
Coinfection of plants with certain pairs of unrelated
viruses results in much more dramatic disease symptoms
than those caused by infection with either virus alone, and
this phenomenon is termed synergism (Damirdagh and
Ross, 1967). The largest group of documented synergistic
viral diseases involves potyviruses as one of the coinfecting
pair and is accompanied by greatly enhanced accumulation
of the non-potyvirus. The demonstration that the potyviral
helper-component protease (HC-Pro) is responsible for
unrelated examples of potyvirus-associated synergism led
to the realization that HC-Pro most likely interferes with a
host defense mechanism (Pruss et al., 1997; Shi et al., 1997)
and to the discovery that HC-Pro is a suppressor of RNA
silencing (Anandalakshmi et al., 1998; Brigneti et al., 1998;
Kasschau and Carrington, 1998). These experiments helped
establish that RNA silencing, which involves the sequence
specific targeting and degradation of mRNA, is a host
defense mechanism that limits the accumulation of invading
nucleic acids (Vance and Vaucheret, 2001). RNA silencing
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mechanism against viruses. Many different viruses have
been found to encode suppressors of RNA silencing (Li
and Ding, 2001; Voinnet et al., 1999), underscoring the
importance of this mechanism in virus–plant interactions.
The ability of potyviruses to suppress RNA silencing and
cause enhanced disease in concert with heterologous viruses
is very well known. An observation that is likely less well
known, however, is that systemic potyviral infection can
also induce enhanced resistance to heterologous viruses.
Davis and Ross (1968) found that potyvirus infection of
tobacco expressing the N gene, which confers resistance to
tobacco mosaic virus (TMV), enhanced the ability of the
plants to localize TMV.
N gene-dependent resistance to TMV is an example of
gene-for-gene resistance, which is one of the major defense
mechanisms in plants (for reviews, see Hammond-Kosack
and Jones, 1996; Holt et al., 2003). Plant genomes encode a
large number of resistance genes, which are responsible for
genetically programmed resistance to specific pathogens.
The products of resistance genes recognize, either directly
or indirectly, corresponding pathogen-encoded factors and
activate signaling pathways that result in a rapid defense
response. Activation of gene-for-gene resistance generally
produces cell death at the sites of infection and prevents
spread of the pathogen beyond the affected leaf. The signal
transduction pathway involved in N gene-dependent resis-
tance to TMV is dependent on salicylic acid (SA) (Dong,
2001; Gaffney et al., 1993). In this pathway, the pathogen-
initiated signal cascade results in an increased accumulation
of SA, which is required for induction of a characteristic
array of defense genes. These include a set of coordinately
induced genes known as the pathogenesis-related (PR)
genes (Ward et al., 1991b). Activation of SA-dependent
responses enhances resistance to a broad range of pathogens
both locally (local acquired resistance) and systemically
throughout the plant [systemic acquired resistance (SAR)]
(Ross, 1961a, 1961b; Sticher et al., 1997). Davis and Ross
(1968) concluded that the enhanced resistance response
induced by systemic potyviral infection appeared identical
to that involved in local and systemic acquired resistance.
Thus, potyviral infection affects multiple plant defense
systems and, not surprisingly, can induce as well as suppress
defense responses.
Transgenic tobacco expressing HC-Pro has been instru-
mental in showing that HC-Pro is responsible for potyviral-
associated synergism and for suppression of RNA silencing.
Many of the lines used in those studies express HC-Pro from
a transgene encompassing the 5V proximal region of the
tobacco etch virus (TEV) genome, encoding proteinase 1
(P1), HC-Pro, and about one quarter of protein 3 (P3). This
construct allows HC-Pro to be produced via the proteolytic
processing that occurs when HC-Pro is synthesized from the
viral genome (Carrington et al., 1989; Verchot et al., 1991).
P1/HC-Pro transgenic tobacco plants exhibit a large cohort
of phenotypic changes compared to wild type or vector-transformed controls, in addition to suppression of silenc-
ing. Some of the most striking differences are stunting,
altered leaf shape, and development of a differentiated
tumor at the root–shoot junction (Anandalakshmi et al.,
2000; Mallory et al., 2002a). We now show that P1/HC-Pro
transgenic tobacco, which has previously been demonstrated
to develop synergistic disease in response to some viruses,
also has enhanced resistance to a variety of pathogens. The
experiments reported in the present work suggest that the
same potyviral sequences that inhibit the RNA silencing
defense enhance other defense responses. In particular, these
plants mimic the enhanced gene-for-gene resistance to TMV
induced by systemic infection of tobacco with a potyvirus
(Davis and Ross, 1968), and they display enhanced resis-
tance to tomato black ring nepovirus (TBRV) and to the
oomycete Peronospora tabacina.Results
P1/HC-Pro transgenic tobacco has enhanced gene-for-gene
resistance to TMV
Potato virus X (PVX), cucumber mosaic virus (CMV), or
TMV infection of tobacco plants expressing a TEV P1/HC-
Pro transgene results in the severe disease symptoms char-
acteristic of potyviral synergism (Pruss et al., 1997; Vance et
al., 1995). The plant lines used in those experiments carry
the N gene, which confers gene-for-gene resistance to TMV
at temperatures below 28 jC (Weststeijn, 1981; Whitham et
al., 1994). This defense pathway elicits the formation of
discrete necrotic lesions at sites of TMV infection on the
inoculated leaf, an effect known as the hypersensitive
response (HR), and prevents systemic infection of the plant.
As a result, TMV infections of P1/HC-Pro transgenic plants
in the synergism study (Pruss et al., 1997) were performed
at 32 jC to eliminate N gene-dependent resistance. An
obvious question, however, was whether the synergistic
effect of P1/HC-Pro on TMV infection might reduce the
effectiveness of gene-for-gene resistance. When we per-
formed the TMV infections at temperatures low enough
for N gene-dependent resistance, we were surprised to find
that P1/HC-Pro transgenic tobacco plants were more resis-
tant to TMV than were the controls, as shown by smaller
and, in many cases, fewer lesions on developmentally
matched, inoculated leaves (Fig. 1A). Molecular analysis
confirmed that there was less TMV RNA in leaves of P1/
HC-Pro plants than in the controls (Fig. 1B).
The RNA measurements we performed did not control
for differences in numbers of lesions on P1/HC-Pro and
control plants. Therefore, to determine whether the small
size of lesions on P1/HC-Pro plants corresponded to less
virus per lesion than on control plants, we isolated protein
from equal weights of P1/HC-Pro and control leaf tissue
encompassing the same number of TMV local lesions.
Immunoblot analysis showed that there was less TMV coat
Fig. 1. Enhanced gene-for-gene resistance to TMV in transgenic tobacco expressing P1/HC-Pro. (A) TMV local lesions on developmentally matched inoculated
leaves of P1/HC-Pro transgenic line U-6B and on a vector-only transformed control 7 days after inoculation. (B) Time course of TMV (+) strand RNA
accumulation in P1/HC-Pro transgenic and control plants. Total RNAwas isolated from TMV inoculated leaves at the times after inoculation indicated and used
for RNA gel blot analysis. All samples were run on the same gel and blotted onto the same membrane. The position of full-length TMV genomic RNA is
indicated. Ethidium bromide-stained rRNA is shown as a loading control. (C) Accumulation of TMV coat protein (cp) in equal numbers of lesions from P1/
HC-Pro transgenic and control plants. Total protein was isolated from TMV inoculated leaves 6 days after inoculation and used for protein gel blot analysis.
Each sample was prepared from 70 mg of leaf tissue encompassing four TMV local lesions.
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plant than from the control (Fig. 1C), indicating that
smaller lesions did, indeed, contain less virus than larger
lesions.
TMV local lesion development on P1/HC-Pro plants
resembles that on older leaves of control plants
To further characterize the difference in resistance to
TMV of P1/HC-Pro transgenic and control plants, we
performed a time course analysis of the size of local lesions
on these lines. Three consecutive, not yet fully expanded
leaves of three pairs of P1/HC-Pro transgenic and control
plants were inoculated with TMV, and development of local
lesions was recorded by digital photography (days 3–5) and
by digitally scanning individual leaves (day 8). This proce-
dure allowed the same cohort of lesions to be analyzed at
each time point. We used a vector graphics program to
determine the areas of individual lesions.
Analysis of lesions on the middle inoculated leaves of
these plants shows that lesion growth is slower and plateaus
earlier on leaves of P1/HC-Pro transgenic plants than on
controls (Fig. 2A). By 8 days after inoculation, the average
lesion size on the middle inoculated leaf of control plants
was about three times larger than on the corresponding leaf
of P1/HC-Pro transgenic plants. Lesions on the control
plants are not uniformly large, but populate a broad distri-
bution of sizes including small lesions as well as large ones.
In contrast, lesions on P1/HC-Pro plants are predominantly
small (Fig. 2B). This result suggests that the ability to
quickly mount a gene-for-gene resistance defense against
TMV varies more greatly over leaves of the control than
over those of P1/HC-Pro plants. Both the kinetics of lesion
growth and the distribution of lesion size on P1/HC-Proplants resembles that of plants that have been induced for
SAR (Ross, 1966).
The above measurements of local lesion sizes focused on
middle inoculated leaves. These were the intermediate-aged
leaves of the inoculated sets. A comparison of lesion
development on all three inoculated leaves of each plant
shows that the difference in growth of TMV local lesions on
P1/HC-Pro and control plants depends on the age of the
inoculated leaf (Fig. 3). The kinetics of lesion growth on the
lowest (=oldest) inoculated leaf of control plants closely
resembles that of lesions on P1/HC-Pro plants, although the
rate of growth is still greater than on the corresponding P1/
HC-Pro leaf. Thus, growth of TMV lesions on control plants
shows a strong dependence on the age of the inoculated leaf,
with older leaves producing smaller lesions. In contrast,
lesion growth on P1/HC-Pro plants shows a much less
dramatic difference from leaf to leaf, with all leaves pro-
ducing small lesions. The leaf age dependence of TMV
lesion size seen on the control plants is consistent with
previous observations that lower leaves of tobacco have
increased resistance to TMV (Yalpani et al., 1993).
P1/HC-Pro transgenic tobacco is not constitutively induced
for SAR
Gene-for-gene resistance to TMV is dependent on the
accumulation of salicylic acid (SA) (Gaffney et al., 1993).
Enhancement of SA-dependent defense responses, there-
fore, is a likely mechanism for the enhanced resistance to
TMV that we see in P1/HC-Pro transgenic plants. The two
simplest possibilities are that these plants either constitu-
tively express SA-dependent defense responses or induce
them more rapidly than control plants. To investigate these
possibilities, we used expression of the pathogenesis-related
Fig. 2. TMV local lesions grow more slowly and have a narrower distribution of sizes on P1/HC-Pro transgenic plants than on controls. (A) Comparison of
kinetics of TMV local lesion growth on middle inoculated leaves of three pairs (1, 2, and 3) of P1/HC-Pro transgenic line U-6B and vector-only transformed
control plants. The areas of 43–101 lesions per leaf were measured at each time point, and the average area of a lesion was calculated for each leaf and time.
The standard deviation of the mean for each data point is in the range ofF5% to F10% of the plotted value. (B) Typical size distributions of lesions on middle
inoculated leaves 8 days after inoculation. Distributions for the #1 pair of plants are shown. Forty-three lesions on each leaf were measured, and the number of
lesions in 2 mm2 size intervals was plotted vs. the size interval. The average lesion sizes of these distributions are 2.12F 0.16 mm2 for the P1/HC-Pro plant and
7.12F 0.59 mm2 for the control. These are the areas plotted in A for the #1 pair of plants at 8 days after inoculation. The error cited is the standard deviation of
the mean.
Fig. 3. The difference in growth of TMV local lesions on P1/HC-Pro and
control plants depends on the age of the leaf. Comparison of kinetics of
lesion growth on the lower (L), middle (M), and upper (U) inoculated
leaves of the #1 pair of plants. The ‘‘M’’ curves of this pair of plants were
shown in Fig. 2A and are repeated here. Areas of 43–62 lesions per leaf
were measured, except that only 17 could be measured on the upper
inoculated leaf of the control. Standard deviations of the mean are F13% of
the plotted values for that leaf, but otherwise in the range ofF5% toF10%.
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1993; Ward et al., 1991b) and performed Northern analysis
of RNA extracted from plants before and after inoculation
with TMV. P1/HC-Pro plants did not reproducibly show
constitutive accumulation of PR-1 mRNA, but did appear to
have altered regulation of PR-1 expression. Only one out of
eight uninoculated control plants—but about half of unin-
oculated P1/HC-Pro plants (6 out of 11)—accumulated
detectable levels of PR-1 mRNA (Fig. 4A and data not
shown). The level of PR-1 mRNA in uninoculated P1/HC-
Pro plants was variable, but at most it was roughly 5% of
that in plants fully induced for PR-1 by TMV (Fig. 4A).
Two different exposures of the autoradiogram, one about
20-fold longer than the other, are shown to allow simulta-
neous visualization of the hybridization signals from unin-
duced and induced plants. PR-1 mRNA accumulation in the
one uninoculated control plant that expressed PR-1 was
even less—about 0.1% of the fully induced level (data not
shown).
P1/HC-Pro transgenic plants did not consistently induce
accumulation of PR-1 mRNA more rapidly than control
plants after inoculation with TMV (data not shown). The
fully induced level of PR-1 mRNA, however, was consis-
tently about the same in the two plant lines (Fig. 4B). Thus,
experiments using PR-1 expression as an indicator for SA-
dependent defense responses did not provide clear-cut
evidence for enhancement of these responses as the basis
for enhanced gene-for-gene resistance to TMV in P1/HC-
Pro transgenic plants. However, the low-level constitutive
Fig. 4. About half of P1/HC-Pro transgenic plants show low-level
constitutive expression of PR-1. (A) Accumulation of PR-1 mRNA in
leaves of uninoculated plants. Total RNA isolated from equivalent leaves of
two different uninoculated P1/HC-Pro transgenic plants (line U-6B) and
one uninoculated vector-only transformed control was used for RNA gel
blot analysis. Accumulation of PR-1 mRNA in an inoculated leaf of a P1/
HC-Pro plant 5 days after inoculation with TMV is shown for comparison.
The blots of RNA from uninoculated and inoculated plants were hybridized
at the same time with the same preparation of probe and autoradiographed
together. Two different exposures are shown and the relative exposure times
are indicated. Ethidium bromide-stained rRNA is shown as a loading
control. (B) Accumulation of PR-1 mRNA in leaves of plants inoculated
with TMV. Total RNA was isolated from inoculated leaves 5 days after
inoculation and used for RNA gel blot analysis. Samples were run on one
gel and blotted onto one membrane.
Fig. 5. Enhanced gene-for-gene resistance of P1/HC-Pro plants to TMV is
impaired but not eliminated by nahG expression. F1 progeny of crosses
between nahG, P1/HC-Pro, and control plant lines were analyzed for their
response to TMV. (A) TMV local lesions on developmentally matched
inoculated leaves of the P1/HC-Pro transgenic line nahG  U-6B and the
nahG  vector-transformed control 8 days after inoculation. (B) Kinetics of
TMV local lesion growth on the nahG  P1/HC-Pro and nahG  control
lines and on a Petite Gerard (pg)  P1/HC-Pro line. Lesion growth on the
lower (open and filled diamonds), middle (open and filled squares), and
upper (open and filled triangles) inoculated leaves of the nahG lines and on
the middle inoculated leaf of the Petite Gerard line is shown. The curves are
labeled so as to emphasize the presence or absence of P1/HC-Pro. Areas of
46–97 lesions per leaf were measured, except that only 33–46 lesions per
leaf could be measured on the nahG lines at 6 days after inoculation.
Standard deviations of the mean are in the range of F4% to F7% of the
plotted values for all data points. (C) Comparison of the number of local
lesions per unit area on lower, middle, and upper inoculated leaves of nahG
 P1/HC-Pro and nahG  control plants. The results for two plants of each
line are shown.
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data not shown) suggests that regulation of SA-dependent
defense responses has been altered in the P1/HC-Pro trans-
genic line. In addition, total SA levels in uninoculated P1/
HC-Pro plants are slightly elevated compared to controls
(2.1 F 0.3-fold, data not shown), supporting the idea that an
enhanced SA-dependent defense response is involved in the
enhanced gene-for-gene resistance of these plants to TMV.
Enhanced gene-for-gene resistance to TMV of tobacco
expressing P1/HC-Pro has both SA-dependent and
SA-independent components
Salicylate hydroxylase, encoded by the bacterial nahG
gene, prevents the accumulation of salicylic acid (Gaffney et
al., 1993). Tobacco plants expressing nahG are defective for
both local and systemic acquired resistance, and TMV local
lesions on these plants are considerably larger than on plants
without nahG (Delaney et al., 1994; Gaffney et al., 1993).
To determine whether the enhanced gene-for-gene resistance
to TMV in P1/HC-Pro plants is SA-dependent, we crossed
P1/HC-Pro and vector-only transformed control lines with a
line carrying nahG. TMV local lesions on the nahG lineswith or without P1/HC-Pro became quite large (Fig. 5A),
suggesting that the small TMV lesion phenotype of P1/HC-
Pro plants requires SA accumulation.
To determine whether growth of TMV local lesions on
nahG lines with and without P1/HC-Pro differed signifi-
cantly, we again performed a time course analysis of lesion
size. Three consecutive, not yet fully expanded leaves on
each plant were inoculated with TMV, using four pairs of
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ment of lesions was recorded by cutting off and digitally
scanning half leaves at different times after inoculation. The
kinetics of local lesion growth on nahG  P1/HC-Pro plants
are very similar to those on nahG  control plants for all
inoculated leaves (Fig. 5B).
As an additional control, we also crossed the P1/HC-Pro
line with the parent of the nahG line, N. tabacum cv Petite
Gerard. Comparison of the growth of lesions on Petite
Gerard  P1/HC-Pro and nahG  P1/HC-Pro plants (Fig.
5B) shows that expression of nahG and not reduced gene
dosage of P1/HC-Pro or some feature of the Petite Gerard
cultivar is responsible for eliminating the early slowing of
TMV local lesion growth seen in P1/HC-Pro plants (Fig.
2A). Thus, this feature of the enhanced resistance is an
SA-dependent response. Even for lines expressing nahG,
however, TMV local lesions are consistently smaller on P1/
HC-Pro plants than on the controls. At 6–9 days after
inoculation, the ratio of average lesion sizes on P1/HC-Pro
and control leaves is 0.69 with standard deviation of 0.14
(Fig. 5B and data not shown; 11 matched pairs of leaves
from four independent experiments were analyzed). Thus, it
is possible that there is also an SA-independent component
to the reduced size of TMV local lesions on P1/HC-Pro
plants. Alternatively, this remaining difference in local
lesion size might be the result of residual SA accumulation
in the nahG plants.
nahG expression alleviates most, if not all, of the
difference in rate of TMV lesion growth on P1/HC-Pro
and control plants. In contrast, production of fewer lesions
per unit area on P1/HC-Pro compared to control plants
persists in lines expressing nahG (Figs. 5A and C). The
number of lesions per unit area on nahG  P1/HC-Pro
plants is similar to that on Petite Gerard  P1/HC-Pro
plants (data not shown), further demonstrating that nahG
expression does not affect the number of TMV local
lesions in tobacco expressing P1/HC-Pro. The age of the
inoculated leaf greatly affects the difference in lesion
number observed between P1/HC-Pro transgenic and con-
trol plants, with the number of lesions per unit area on
younger leaves of nahG  control plants approaching that
seen on nahG  P1/HC-Pro plants (Fig. 5C). The produc-
tion of fewer TMV local lesions on younger than on older
leaves has previously been observed in nontransgenic
Nicotiana glutinosa (Hull, 2002).
Thus, gene-for-gene resistance to TMV, as indicated by
rate of lesion growth and number of lesions per unit area,
differs considerably from leaf-to-leaf and is strongly depen-
dent on the age of the leaf in tobacco plants not expressing
P1/HC-Pro. In contrast, leaves of P1/HC-Pro-expressing
plants are very similar to one another in these respects
and look uniformly resistant to TMV. nahG expression
largely eliminates the reduced rate of lesion growth in P1/
HC-Pro-expressing plants, but the plants have fewer num-
bers of TMV lesions per unit area than on mature leaves of
control plants, suggesting that there are both SA-dependentand SA-independent components to enhanced resistance to
TMV in P1/HC-Pro transgenic tobacco.
P1/HC-Pro transgenic tobacco has SA-dependent enhanced
resistance to blue mold disease
To determine whether P1/HC-Pro transgenic plants ex-
hibit enhanced resistance to other pathogens, we examined
sensitivity to P. tabacina Adam, the oomycete responsible
for blue mold disease in tobacco. This pathogen, like TMV,
is sensitive to SA-dependent defense responses (Cohen,
1994; Silverman et al., 1993). P1/HC-Pro transgenic plants
inoculated with P. tabacina exhibited milder symptoms than
similarly treated controls: control plants showed extensive
wilting and chlorosis, whereas P1/HC-Pro plants looked
relatively unaffected (Figs. 6A and B). Furthermore, when
the inoculated plants were incubated under conditions
promoting sporulation, only scattered patches of spores
appeared on leaves of P1/HC-Pro plants. In contrast, leaves
of the control plants were almost uniformly covered with a
white coating of spores (Fig. 6C). Quantitative analysis
confirmed that spore production was lower on P1/HC-Pro
plants than on the controls (Fig. 6D). The increased resis-
tance of P1/HC-Pro transgenic plants to blue mold disease is
very dramatically illustrated using trypan blue staining to
visualize P. tabacina hyphae in infected leaves: a control
leaf is completely infiltrated with hyphae, whereas a P1/HC-
Pro leaf is practically devoid of hyphae (Fig. 6E).
To determine if this enhanced protection against blue
mold disease is correlated with enhanced SA-dependent
defense responses, we again used expression of pathogen-
esis-related genes as an indicator. Northern analysis of total
RNA isolated from P. tabacina inoculated plants showed
that expression of PR-1 and PR-2 is consistently induced
earlier and to a higher level in P1/HC-Pro plants than in the
controls (Fig. 6F). In addition, nahG  P1/HC-Pro and
nahG  control plants were highly susceptible to blue mold
disease, showing an almost complete loss of P1/HC-Pro
mediated protection against the pathogen (data not shown).
Thus, an enhanced SA-dependent response appears to be
responsible for the enhanced resistance of P1/HC-Pro trans-
genic plants to blue mold disease, although we cannot rule
out the possibility that there is a minor SA-independent
component.
P1/HC-Pro transgenic tobacco has SA-independent
enhanced resistance to nepovirus infection in inoculated
leaves
We have shown above that P1/HC-Pro transgenic plants
exhibit enhanced resistance to two disparate pathogens for
which RNA silencing is not thought to be the primary
defense mechanism and which are both known to be
sensitive to SA-dependent resistance responses. In contrast,
P1/HC-Pro transgenic plants exhibit enhanced sensitivity to
viruses having potyviral-associated synergism, presumably
Fig. 6. Characterization of enhanced resistance to P. tabacina in P1/HC-Pro transgenic tobacco. (A) Reduced wilting and chlorosis in P1/HC-Pro transgenic
plants (line U6-B) compared to the vector-only transformed controls 7 days after inoculation with P. tabacina. (B) Comparison of the percentage of leaf area
that was chlorotic on P1/HC-Pro transgenic and control plants 7 days after inoculation with P. tabacina. Percentages shown are the averages of visual estimates
for six plants of each line. Error bars indicate standard deviations. (C) Reduced spore production on P1/HC-Pro transgenic plants compared to controls. Plants
were sprayed with water on both sides of the leaves 7 days after inoculation with P. tabacina and kept in brown plastic bags for 16 h in the dark to promote
sporulation. (D) Quantitative comparison of spore production under sporulation conditions. Spores were collected from leaf tissue (3 cm2 discs) and counted
using a hemacytometer. Measurements shown are averages of six determinations; error bars indicate standard deviations. (E) Microscopy of trypan blue-stained
leaves 7 days after inoculation with P. tabacina. Intensely blue-stained areas are regions infiltrated by fungal hyphae. (F) RNA gel blots showing time course of
PR-1 and PR-2 mRNA accumulation in leaves of P1/HC-Pro transgenic and control plants after inoculation with P. tabacina. Duplicate blots were probed.
Ethidium bromide-stained rRNA is shown as a loading control.
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1998; Pruss et al., 1997; Vance et al., 1995). Consequently,
we might expect P1/HC-Pro plants to be particularly sensi-
tive to any virus for which RNA silencing is an important
defense mechanism. To our surprise, this prediction did not
hold true for tomato black ring nepovirus (TBRV). We
expected that P1/HC-Pro transgenic plants would be a
particularly good host for TBRV because the virus induces
a silencing-based recovery response in Nicotiana species
(Ratcliff et al., 1997). However, we found that accumulation
of TBRV RNA in the inoculated leaves of P1/HC-Pro plants
was greatly reduced compared to controls (Fig. 7A).To determine the role of SA in the response of P1/HC-
Pro transgenic plants to nepovirus infection, we inoculated
nahG  P1/HC-Pro and nahG  control plants with TBRV.
Accumulation of TBRV RNA in inoculated leaves of P1/
HC-Pro transgenic plants was greatly reduced compared to
controls even in plants expressing the nahG gene (Fig. 7B).
Thus, the enhanced resistance of P1/HC-Pro transgenic
plants to TBRV appears to be largely SA independent,
although we cannot rule out the possibility of some SA-
dependent component.
Our interest in nepovirus infection of P1/HC-Pro trans-
genic lines had been to see if the lines could recover from
Fig. 7. P1/HC-Pro transgenic plants have SA-independent enhanced
resistance to nepovirus in inoculated leaves. (A) RNA gel blot analysis
of TBRV RNA accumulation in inoculated leaves of P1/HC-Pro line U-6B
and the vector-only transformed control. Total RNA was isolated from leaf
tissue near the base of inoculated leaves of three U-6B plants and one
control (plant #4) at 7 days after inoculation. As a check on sampling error,
RNA was isolated the following day from tissue near the tip of the
previously sampled leaves of the control and of U-6B plant #3. All samples
were run on one gel and blotted onto one membrane. Ethidium bromide-
stained rRNA is shown as a loading control. (B) Time course of
accumulation of TBRV RNA in inoculated leaves of P1/HC-Pro and
vector-transformed control plants expressing nahG. Total RNAwas isolated
from three nahG  U-6B and two nahG  control plants at the times after
inoculation indicated and analyzed as in A. F1 progeny of the indicated
crosses were used. The sample loading order is the same for all three time
points. The 7- and 12-day samples were run on one gel and blotted onto one
membrane. The 17-day samples were run on a separate get and blotted onto
a separate membrane. The two blots were then hybridized together. (C)
Accumulation of TBRV RNA in systemic leaves late in infection. Total
RNA isolated from upper leaves of plants that had been inoculated on lower
leaves with TBRV 41 or 48 days previously was analyzed as in A. Samples
are from the second (2) or fifth (5) leaf above the inoculated leaves of P1/
HC-Pro transgenic line U-6B or the vector-only transformed control and
from apical leaves of nahG  U-6B and nahG  vector-only transformed
control plants. F1 progeny of the indicated crosses were used. The non-
nahG samples are on one blot, and the nahG samples are on a separate blot.
The two blots were processed separately.
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ery from nepovirus infection is due to RNA silencing
(Ratcliff et al., 1997), and HC-Pro is a suppressor of RNAsilencing. The enhanced resistance of these plants to TBRV
complicated, but did not completely prevent addressing this
question because virus accumulation in inoculated leaves
was delayed and reduced, but not eliminated in most cases
(Fig. 7B and data not shown). Thus, it was possible to make
a rough comparison of recovery in P1/HC-Pro and control
plants by comparing accumulation of virus in upper leaves.
Systemic symptoms were not a helpful indicator of recovery
in these experiments because neither line developed clear
symptoms. We found that late in infection, upper leaves of
P1/HC-Pro plants that had detectable levels of TBRV RNA
accumulated at least as much viral RNA as control plants
and sometimes more (Fig. 7C). A similar result was
obtained with plants expressing nahG (Fig. 7C), indicating
that accumulation of SA is not a factor in this response.
Thus, although inoculated leaves of P1/HC-Pro transgenic
plants exhibit enhanced resistance to TBRV, the plants
become systemically infected. Late in TBRV infection, P1/
HC-Pro plants do not appear to have enhanced resistance to
the virus in systemically infected leaves. On the contrary,
the relative levels of virus in P1/HC-Pro and control plants
late in systemic infection are consistent with HC-Pro having
the expected favorable effect on the viral infection.
Enhanced resistance to TMV, TBRV, and blue mold disease
is characteristic of multiple, independent, P1/HC-Pro
transgenic lines
For ease of presentation, all the experiments shown
above documented enhanced resistance in just one P1/HC-
Pro transgenic line, U-6B, or in progeny of crosses with that
line. U-6B expresses wild-type TEV P1/HC-Pro in the
Havana 425 cultivar of tobacco. Concurrently with those
experiments, however, we performed similar characteriza-
tions using P1/HC-Pro transgenic lines constructed in the
Xanthi NN cultivar of tobacco, which carries the N gene,
and we obtained similar results (Fig. 8 and data not shown).
These lines express either wild-type TEV P1/HC-Pro (Figs.
8A and B) or mutant alleles that retain the ability to suppress
silencing and cause synergistic disease (lines TEV-C and
TEV-I; Figs. 8C–E). The mutant alleles have a nine-
nucleotide insertion in sequence encoding P1 (line TEV-
C) or the amino-terminal portion of HC-Pro (line TEV-I).
Compared to control plants, Xanthi lines expressing P1/HC-
Pro produce fewer and smaller lesions and much less viral
RNA when infected with TMV (Figs. 8A, C, and D). In
addition, Xanthi expressing P1/HC-Pro is relatively unaf-
fected by blue mold disease, whereas control plants show
extensive wilting and chlorosis (Fig. 8B). Lastly, accumu-
lation of TBRV RNA in inoculated leaves of Xanthi lines
expressing P1/HC-Pro is greatly reduced compared to the
control (Fig. 8E). Thus, enhanced resistance to TMV, TBRV,
and blue mold disease is a general feature of P1/HC-Pro
expression in tobacco and not just a peculiarity of one
transgenic line. As in line U-6B, uninoculated Xanthi
expressing wild-type P1/HC-Pro has a slightly elevated
Fig. 8. Enhanced resistance to TMV, TBRV, and blue mold disease in transgenic lines of N. tabacum cv Xanthi NN expressing P1/HC-Pro. (A) TMV local
lesions on developmentally matched inoculated leaves of P1/HC-Pro transgenic line X-27-8 and on the untransformed Xanthi control 8 days after inoculation.
(B) Reduced wilting and chlorosis of P1/HC-Pro transgenic plants (line X-27-8) compared to Xanthi control plants 7 days after inoculation with P. tabacina.
(C) TMV local lesions on developmentally matched inoculated leaves of P1/HC-Pro transgenic line TEV-I and on the untransformed Xanthi control 7.5 days
after inoculation. (D) Time course of TMV (+) strand RNA accumulation in P1/HC-Pro transgenic line TEV-I and in the Xanthi control. Total RNA was
isolated from TMV inoculated leaves at the times after inoculation indicated and used for RNA gel blot analysis. All samples were run on the same gel and
blotted onto the same membrane. The position of full-length TMV genomic RNA is indicated. Ethidium bromide-stained rRNA is shown as a loading control.
(E) RNA gel blot analysis of TBRV RNA accumulation in inoculated leaves of P1/HC-Pro lines TEV-C and TEV-I and the HC-Pro-defective control line, TEV-
K. Seven days after inoculation, total RNAwas isolated from leaf tissue near the base of inoculated leaves of one control plant and of four plants each of lines
TEV-C and TEV-I. All samples were run on one gel and blotted onto one membrane. Ethidium bromide-stained rRNA is shown as a loading control.
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(3.23 F 0.51-fold increase; data not shown), providing
further evidence that enhanced resistance in P1/HC-Pro
transgenic tobacco reflects, at least in part, an enhanced
SA-dependent response.Discussion
Transgenic tobacco plants expressing the TEV P1/HC-
Pro transgene, which encodes P1, HC-Pro, and about one-
quarter of P3 are suppressed for RNA silencing due to the
activity of HC-Pro (Anandalakshmi et al., 1998; Brigneti etal., 1998). Infection of these plants with any of several
viruses that exhibit potyvirus-associated synergism results
in the increased virus accumulation and disease symptoms
characteristic of synergism (Pruss et al., 1997; Vance, 1991;
Vance et al., 1995), consistent with the idea that RNA
silencing is an antiviral defense mechanism. Although nei-
ther P1 nor the fragment of P3 is required for synergism or
suppression of silencing, P1 might play an enhancing role in
HC-Pro action (Pruss et al., 1997). In the present work, we
have shown that, unexpectedly, tobacco plants expressing
P1/HC-Pro also show increased resistance to a diverse group
of pathogens, including at least one—TBRV—that is natu-
rally a target of RNA silencing. This enhanced resistance
G.J. Pruss et al. / Virology 320 (2004) 107–120116appears to represent a general feature of P1/HC-Pro trans-
genic tobacco because we have obtained similar results with
multiple P1/HC-Pro transgenic lines in another cultivar of
tobacco (Fig. 8 and data not shown). The enhanced SA-
dependent resistance seen in P1/HC-Pro plants mimics the
enhanced resistance induced by systemic potyviral infection
(Davis and Ross, 1968), suggesting that the mechanism(s)
underlying enhanced resistance of P1/HC-Pro lines are likely
to be physiologically significant whether they are a direct or
an indirect result of P1/HC-Pro expression. Furthermore, our
results suggest that expression of P1 and/or HC-Pro—or the
amino-terminal portion of P3—is responsible for inducing
SA-dependent defenses during potyvirus infection.
The enhanced resistance documented in the present work
adds yet another phenotype to the considerable cohort of
changes seen in P1/HC-Pro transgenic tobacco. Expression
of the potyvirus-derived P1/HC-Pro transgene clearly has
profound effects on plant growth and development: inde-
pendent transformants of two different cultivars of tobacco
exhibit the same array of phenotypes (Anandalakshmi et al.,
2000; Mallory et al., 2002a), and Arabidopsis thaliana
expressing turnip mosaic virus (TuMV) P1/HC-Pro exhibits
a related set of phenotypic effects (Kasschau et al., 2003).
An attractive possibility for the origin of some or all of these
effects is that they are due to changes in pathways normally
regulated by silencing. The possibility that HC-Pro might
interfere with the host at an even more fundamental level
was raised by the discovery that HC-Pro alters both the
biogenesis and function of micro (mi) RNAs in plants
(Kasschau et al., 2003; Mallory et al., 2002b). miRNAs
play an important role in gene regulation in eukaryotes
(Pasquinelli and Ruvkun, 2002), and evidence has recently
been presented supporting the idea that changes in miRNA-
regulated pathways are responsible for developmental
defects in P1/HC-Pro transgenic Arabidopsis (Kasschau et
al., 2003). Alternatively or in addition, some of the pheno-
types of P/HC-Pro transgenic plants might represent direct
or indirect effects of P1/HC-Pro expression on cellular
processes unrelated to RNA silencing or miRNA-directed
regulation.
The TMV small lesion phenotype and enhanced resis-
tance to P. tabacina of P1/HC-Pro plants appear to be due to
an enhanced SA-dependent defense response, although
uninoculated plants do not consistently express PR-1, sug-
gesting that they are not constitutively activated for SAR.
Instead, P1/HC-Pro plants appear to be potentiated for a
faster (Fig. 6F) or more effective response. The approxi-
mately 2- to 3-fold increase in SA levels in leaves of P1/HC-
Pro plants compared to controls is likely responsible for this
effect. Low concentrations of SA that alone are unable to
induce defense responses have been shown to greatly
enhance those responses when added together with a path-
ogen, suggesting that one function of SA is to amplify
pathogen-initiated defense signals (Shirasu et al., 1997).
The reduced number of TMV lesions per unit area and
enhanced resistance to TBRV in inoculated leaves of P1/HC-Pro compared to control plants do not appear to be SA-
dependent (Figs. 5C and 7B). The simplest explanation for
the different aspects of increased resistance in P1/HC-Pro
plants is that they all result from activation of the SA-
dependent defense pathway, but that some features are a
consequence of responses upstream of SA. Many local
responses, such as those that enhance physical barriers to
infection, occur before an increase in SA accumulation
(Hammond-Kosack and Jones, 1996). We suspect that the
enhanced resistance to TBRV in inoculated leaves of P1/
HC-Pro plants might reflect a low incidence of infective
centers analogous to the observed low incidence of TMV
local lesions. This suspicion is based on the variation in the
amount of viral RNA detected as a function of sampling
(Fig. 7B, compare first lanes of 12- and 17-day sets, and
data not shown).
Our conclusions concerning the involvement of SA-
dependent defense responses in the enhanced resistance
phenotypes of P1/HC-Pro plants depend in large part on
results from transgenic tobacco unable to accumulate SA due
to expression of the nahG gene (Figs. 5, 7B, and C). This
gene encodes salicylate hydroxylase, which converts SA to
catechol (Yamamoto et al., 1965). Recently, the validity of
using plants expressing nahG to determine the involvement
of SA in defense responses has been challenged by the
demonstration that loss of non-host resistance in A. thaliana
expressing nahG is due to catechol and not to the absence of
SA (van Wees and Glazebrook, 2003). This concern is not
likely to affect the interpretation of our results because
catechol has been shown to have no effect on the growth
of TMV local lesions in tobacco (Friedrich et al., 1995).
The enhanced resistance of P1/HC-Pro transgenic plants
might reflect specific perturbation of the SA-dependent
defense pathway. This perturbation could come about via
the known effects of HC-Pro on the RNA silencing and/or
miRNA pathways, via some unknown effect of P1/HC-Pro
on plant cells, or as a result of the activity of weak resistance
genes. As part of our strategy to understand the mecha-
nism(s) underlying HC-Pro suppression of silencing and
other HC-Pro–plant interactions, we are currently investi-
gating tobacco proteins identified as interacting with HC-Pro
in a yeast two-hybrid assay. One of these is a calmodulin-like
protein that suppresses RNA silencing when overexpressed
(Anandalakshmi et al., 2000). Because the influx of calcium
is an early event in defense pathway signaling, this protein
has the potential to be involved early in defense signaling
and provides support for the idea that expression of P1/HC-
Pro might specifically affect other host defenses in addition
to RNA silencing.
Two opposite potyviral-associated phenomena, syner-
gism and increased N gene-dependent resistance to TMV,
were reported in early work on mixed viral infections in
plants (Damirdagh and Ross, 1967; Davis and Ross, 1968;
Rochow and Ross, 1955). It is remarkable that both appear
to be mediated by expression of the P1/HC-Pro transgene.
Synergism is due to suppression of RNA silencing (Anan-
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suggests that the transgene also potentiates SA-dependent
defense responses. The cucumovirus suppressor of silencing
has also been reported to affect SA-dependent defense
responses (Ji and Ding, 2001; Li et al., 1999). RNA-
dependent RNA polymerase (RdRP), an enzyme required
for some types of RNA silencing (Vance and Vaucheret,
2001), provides yet another link between silencing and SA-
dependent defense: SA-inducible RdRPs that play a role in
antiviral defense have been found in both tobacco and
Arabidopsis (Xie et al., 2001; Yu et al., 2003). These
observations raise the intriguing possibility that there is an
interconnection between RNA silencing and other defense
signaling pathways. Thus, the already highly complex
picture we have of the interconnections of these pathways
(Glazebrook, 2001; Hammond-Kosack and Parker, 2003;
Kunkel and Brooks, 2002; Thomma et al., 2001) might have
to be expanded to include RNA silencing.Materials and methods
Pathogens and plants
The virus isolates used in these experiments were the
common strain of tobacco mosaic virus (TMV) (ATCC PV-
135) and the Scottish serotype strain W22 of tomato black
ring virus [TBRV(s) W22; Ratcliff et al., 1997]. TBRV was
the kind gift of David Baulcombe (Sainsbury Laboratory,
Norwich, UK). Virus stocks consisted of sap from inocu-
lated leaves of Nicotiana clevelandii. The oomycete isolate
used was P. tabacina Adam, Ky79. It was maintained by
weekly transfers of sporangiospores on young Ky14 tobacco
plants, and suspensions of sporangiospores for inoculation
were prepared as previously described (Li et al., 2001).
P1/HC-Pro line U-6B and the vector-only transformed
control are transgenic lines of Nicotiana tabacum cv Havana
425 (Carrington et al., 1990). U-6B is homozygous for a
transgene encoding the wild-type TEV P1/HC-Pro se-
quence. Line X-27-8 is N. tabacum cv Xanthi NN homo-
zygous for the same wild-type P1/HC-Pro sequence as in
line U-6B (Mallory et al., 2001). TEV-C, TEV-I, and TEV-K
are homozygous P1/HC-Pro transgenic lines in N. tabacum
cv Xanthi NN that have a nine-nucleotide insertion at
different positions in the P1/HC-Pro transgene (Ananda-
lakshmi et al., 1998; Shi et al., 1997; Verchot and Carring-
ton, 1995). Line TEV-C has the insertion in the P1
sequence, while line TEV-I has the insertion in sequence
encoding the amino-terminal region of HC-Pro. Both of
these lines retain the ability to suppress silencing and cause
synergistic disease. Line TEV-K, however, has the insertion
in sequence encoding the central domain of HC-Pro and is
not able to suppress silencing or promote synergism. More-
over, line TEV-K is likely silenced for the P1/HC-Pro
transgene (Anandalakshmi et al., 1998). N. tabacum Petite
Gerard and N. tabacum Petite Gerard homozygous for thenahG transgene were the kind gift of David Baulcombe
(Sainsbury Laboratory, Norwich, UK). Petite Gerard is N.
tabacum cv Petit Havana homozygous for the N gene. Upon
request, all novel materials described in this article will be
made available in a timely manner for noncommercial
research purposes.
Pathogen infection
Plants for virus resistance experiments were germinated
and grown at 24–26 jC in an environmentally controlled
chamber with about 16 h light and 8 h dark. P1/HC-Pro
transgenic and control plants at the 7–10 leaf stage were
mechanically inoculated with virus on one or more leaves.
Leaves used were at about the same developmental stages
on the different plant lines.
Plants for infection with P. tabacina were grown in a
greenhouse until the 7–10 leaf stage and transferred to an
environmental chamber for inoculation. The plants were
sprayed with a fine mist of inoculum suspension (5  104
sporangiospores/ml) on upper surfaces of leaves, kept cov-
ered with plastic for 16 h in the dark, then grown at 23 jC
and 70% relative humidity with 14 h light and 10 h dark.
Seven days after inoculation, sporangiospore production
was promoted by spraying the plants with water on both
upper and lower surfaces of leaves, then keeping the plants
covered with wet plastic in the dark. After 16 h, sporangio-
spores were collected from leaf samples (3 cm2 discs) and
counted as described previously (Li et al., 2001).
RNA and protein gel blot analysis
At the indicated times after inoculation, representative
sections of leaves were excised for immediate isolation of
RNA or protein. In some cases, whole leaves or sections
of leaves for RNA isolation were immediately frozen at
70 jC or digitally scanned before freezing and stored at
70 jC for later extraction of nucleic acid.
Total nucleic acid was isolated by phenol/chloroform
extraction of tissue ground in either guanidine–HCl
(Vance, 1991) or in liquid nitrogen followed by resuspen-
sion in a Tris–SDS-based buffer (Mallory et al., 2001). In
experiments involving blue mold disease, nucleic acid was
isolated using the Extract-a-Plant RNA isolation kit (Qia-
gen) according to the manufacturer’s instructions. Electro-
phoresis of nucleic acids in denaturing agarose gels and
gel blot analysis were performed as previously described
(Vance, 1991). All probes were 32P-labeled. Probe com-
plementary to the entire TMV (+) strand RNA was
generated using reverse transcriptase, hexanucleotide pri-
mers, and TMV genomic RNA isolated from purified
virus. TBRV and PR gene probes were randomly primed
cDNA to polymerase chain reaction-amplified templates.
The TBRV probe corresponded to nucleotides 4431–5409
of the TBRV RNA1 sequence. PR-1 gene probes were to
nucleotides 11 to +480 (Fig. 4) or 291–746 (Fig. 6F) of
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probe corresponds to most of the coding region plus 11
nucleotides of 5V untranslated region (UTR), while the
291–746 probe corresponds to 217 nucleotides at the 3V
end of the coding region plus 239 nucleotides of 3V UTR.
The PR-2 gene probe was to a 436-nucleotide cloned
fragment of the tobacco PR-2c sequence encoding the
amino-terminal region of the protein (Cote et al., 1991).
Expression of PR-2c is regulated similarly to PR-1 (Cote et
al., 1991; Ward et al., 1991a).
Total protein was extracted from inoculated leaves,
quantitated, separated by SDS-polyacrylamide gel electro-
phoresis, and transferred to membrane as described previ-
ously (Pruss et al., 1997; Vance, 1991). Rabbit polyclonal
antiserum to TMV coat protein (ATCC PVAS-135c) was
used as primary antiserum, and immunoreactive proteins
were visualized using goat anti-rabbit antiserum conjugated
to alkaline phosphatase (Bio-Rad).
Trypan blue staining
Staining to visualize fungal hyphae was performed as
described previously (Epple et al., 1997; Keogh et al.,
1980), with minor modifications. Samples of P. tabacina
infected leaves (1 cm2 discs) were boiled in farmer’s fluid
(acetic acid/ethanol/chloroform, 1:6:3 by volume) until
completely cleared. They were then incubated at 60j C
for 4–6 h in 0.03% (w/v) trypan blue solubilized in
lactophenol/ethanol (1:2 by volume). Lactophenol is 25%
(w/v) phenol, 25% (v/v) lactic acid, and 25% (v/v) glycerol.
The discs were destained in a chloral hydrate solution (2.5
mg/ml in H20) at room temperature until they were light
blue and then mounted in 50% glycerol for examination
using a light microscope.
Measurement of SA
SA was extracted from leaf tissue and quantitated as
described (Bowling et al., 1994; Gaffney et al., 1993),
except that total SA was obtained instead of SA conjugate
by omitting the fractionation to separate free and conjugated
SA. Leaf tissue was taken from mature leaves of green-
house-grown plants at the 7–10 leaf stage. Three leaves
(one leaf from each of three plants) were pooled for each
sample, and 3–5 samples prepared from each plant line
were assayed per experiment. The relative levels of total SA
cited in the text are the average of three experiments for line
U6-B compared to the vector transformed control and two
experiments for line X-27-8 compared to the untransformed
Xanthi control. The error cited in each case is the standard
deviation of the mean.
TMV lesion size measurements
Areas of TMV local lesions were measured on digital
images of leaves. We traced lesion perimeters manuallyusing VectorWorks (Nemetschek North America), which
then computed the areas from the tracings. Areas of leaves
for use in computation of numbers of lesions per unit area
were determined in a similar manner. To provide an
internal size standard for images obtained by digital
photography, about five 0.25-in.-diameter self-adhesive
labels were evenly distributed on each leaf before it was
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